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Renal handling of potassium in dogs with chronic renal insufficiency.
The dynamics of potassium excretion were examined in normal dogs
and dogs with chronic renal insufficiency of at least 4 weeks' duration
(remnant model). All animals, in balance on diets providing 15, 50, or
100 mEq of potassium and 100 rnEq of sodium, were challenged with 50
mEq of potassium chloride. Immediately thereafter, hourly clearances
were obtained for 5 hours. Irrespective of dietary potassium, mean
fasting serum potassium and urinary potassium excretion (UKV) were
similar in normal and remnant dogs with mean GFR's of 57 3 and 16
3 mI/mm, respectively. After orogastric administration of 50 mEq
potassium, serum potassium rose significantly more in remnant (2.2 to
2.5 mEq/liter) than in normal (0.9 to 1.2 mEq/liter) groups (P <0.001).
Conversely, UKV increased significantly less, 70 to 96 vs. 151 to 194
EqImin, respectively (P < 0.001). InS hours, normal animals excreted
61 to 67% of the load, but remnant dogs only 30 to 37% (P < 0.001). In
all groups, UKV correlated directly with serum potassium concentra-
tion. But this relationship was markedly attenuated in the remnant
groups (P < 0.001) and independent of dietary potassium. In contrast,
the same slope describes the relationship between UKV/GFR and
serum potassium for all, normal and remnant, animals. The blunted
kaliuresis occurred despite the more severe hyperkalemia in remnant
than in normal dogs; it was not associated with significant changes in
acid-base, diuresis, natriuresis, serum glucose, insulin, and glucagon
concentrations and occurred despite prolonged hyperaldosteronism.
The results demonstrate a severe limitation of the remnant kidney's
ability to rapidly excrete a potassium load. Changes in serum potassi-
um, or a consequence thereof, are important for the urinary excretion of
potassium following its acute administration.
Comportement renal du potassium chez les chiens en insuffisance rénale
chronique. L'excrCtion de potassium a été étudiée chez des chiens
normaux et des chiens en insuffisance rénale chronique depuis au moms
4 semaines. Tous les animaux, en bilan avec des alimentations appor-
tant 15, 50, ou 100 mEq de potassium et 100 mEq de sodium ant recu 50
mEq de chiorure de potassium. lmmCdiatement après des clearances
horaires ont été obtenues pendant 5 heures. La concentration moyenne
de potassium sérique a jeun et UKV étaient semblables, indépendam-
ment de l'alimentation, chez les chiens normaux et ceux en insuffisance
rénale avec des debits de filtration moyens de 57 3 et 16 3 mI/mm,
respectivement. Aprés l'administration orale de 50 mEq de potassium,
Ic potassium sérique a augmenté significativement plus chez ceux en
insuffisance rénale (2,2 a 2,5 mEqllitre) que chez les normaux (0,9 a 1,2
mEq/litre) (P < 0,001). tnversernent UKV a augmenté significativement
moms, 70 a 96 vs 151 a 194 Eq/min respectivement (P < 0,001). En 5
heures les animaux normaux ont excrétC 61 a 67% de Ia charge et ceux
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en insuffisance rénale seulement 30 a 37% (P < 0,001). Dans tous les
groupes UKV était directement corrélé avec Ia concentration sérique du
potassium. Cette relation, cependant, Ctait très atténuée dans le groupe
des animaux en insuffisance rénale (P < 0,001) et indépendante du
potassium alimentaire. Au contraire, Ia même courbe décrit La relation
entre UKV GFR et Ic potassium sérique pour tous les animaux.
L'atténuation de Ia kaliurèse/est survenue chez les animaux en insuffi-
sance rénale malgré unc hyperkaliemie plus importante que chez les
animaux normaux. Cela n'était pas associé a des modifications signifi-
catives de l'equilibre acido-basique, de Ia diurèse, de Ia natriurèse, du
glucose sérique, des concentrations d'insuline et de glucagon et surven-
ait malgré un hyperaldosteronisme prolonge. Les résultats démontrent
une limitation sévére de Ia capacitC d'excréter une charge de potassium
par le rein réduit. Les modifications du potassium sérique, ou une de
ses consequences, sont importantes pour l'excrétion urinaire de potas-
sium apres son administration aigue.
Several mechanisms interact to maintain extracellular potas-
sium concentration constant. Insulin, the acid-base status, the
adrenergic system and, perhaps mineralocorticoid hormone
influence the intracellular buffering of extracellular potassium
[1—9]. Nevertheless, after a potassium load, the kidney is
primarily responsible for restoring potassium balance, and
protecting against hyperkalemia [1]. Mineralocorticoid hor-
mone, dietary potassium, acid-base status, and distal tubular
flow rate modify potassium secretion by the kidney [I, 10—12].
None of these factors, however, appears predominant in regu-
lating potassium homeostasis. Aldosterone has a permissive
role [13], The influences of acid-base are ambiguous, for
different acids exert different effects on potassium distribution
[14, 15]. Alterations in distal tubular delivery of sodium or flow
rate do not prevent continued maintenance of potassium bal-
ance [13]. Glucose, insulin, and glucagon influence the liver and
muscle uptake of potassium rather than the urinary potassium
excretion [3].
The effectiveness of the potassium homeostatic mechanisms
is best demonstrated in chronic renal disease. Despite major
nephron loss, potassium balance is maintained [13, 16—22]. But,
the limitations of the diseased kidney to excrete potassium and
prevent hyperkalemia are not defined well. The role of serum
potassium in mediating potassium excretion is not fully appreci-
ated [23], and the dynamics of potassium excretion in awake,
uremic animals, not given exogenous mineralocorticoid hor-
mone, have not been examined.
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The present experiments attempt to answer these questions
in normal dogs and dogs with remnant kidneys and chronic
renal insufficiency challenged with potassium chloride. The
results demonstrate different dynamics of potassium handling
and an impaired ability of the remnant kidney to excrete
potassium.
Methods
Experiments were performed on 25 female mongrel dogs,
each weighing 14 to 18 kg. Nine dogs had normal renal function
and sixteen animals had remnant kidneys with renal insufficiert-
cy induced by ligating branches of the left renal artery and right
nephrectomy [131. All animals were studied from 4 to 52 weeks
after surgery.
Thirty experiments were performed on 18 animals fed each
day, at 9A.M., 400g of a sodium- and potassium-free fibrin-base
diet (ICN Pharmaceuticals, Cleveland, Ohio). Six normal dogs
and six dogs with remnant kidneys received 100 mEq of sodium
chloride and 50 mEq of potassium chloride at 9:00 A.M. daily.
These same animals were also studied when they received an
additional 50 mEq of potassium chloride at 4:00 P.M. for a total
daily intake of 100 mEq of sodium chloride and 100 mEq of
potassium chloride. Six additional dogs with remnant kidneys
received the same sodium- and potassium-free diet supplement-
ed at 9:00 A.M. each day with 100 mEq of sodium chloride and
15 mEq of potassium chloride. Sodium and potassium chloride
were administered by orogastric intubation.
Experiments were also performed on 7 dogs (4 with remnartt
and 3 with normal kidneys) receiving 400 g of Nephrodiet
(Triumph Pet Industries Inc., Hillburn, New York), which
contained 12 mEq of sodium and 30 mEq of potassium. The
food was given with chloride salts of sodium and potassium
added to provide a total of 100 mEq of sodium and 50 or 100
mEq of potassium daily following the schedule described
above. With this diet, orogastric intubation was unnecessary, as
the animals ingested their food allotment in less than 10 mm.
Thus, five groups of dogs were studied. All animals received
100 mEq of sodium chloride but variable amounts of potassium
chloride daily. Normal dogs received 50 mEq (N50) or 100 mEq
(N 100) of potassium, whereas remnant dogs received 15 mEq
(R15), 50 mEq (R50) or 100 mEq (RlOO). All diets were
maintained for at least 7 days. Results were not different with
the two types of diet.
The animals had free access to water until they underwent
clearance study at 8 A.M. in the fasting state, awake, standing in
a supporting sling. A bladder catheter ensured quantitative
urine collections. Venous catheters were placed in the inferior
vena cava through a hind limb vein for infusion and blood
sampling. After a priming dose of creatinine was given, a
solution of 0.45 percent sodium chloride, containing creatinine,
was infused at 0.3 mI/mm. Sixty minutes later, three 20-miri
control clearances were obtained. All dogs then received 50
mEq of potassium chloride by orogastric tube as a 250 mM
potassium chloride solution. Immediately thereafter, five con-
secutive 1-hour clearances were obtained. At the end of each
period, the bladder was washed with sterile water to ensure
complete urine collection. A blood sample was obtained at the
midpoint of each period [24].
Additional experiments included studies in remnant animals
in which 5OmEq of potassium chloride was infused i.v. over 90
Table 1. Fasting data for normal and remnant dogs"
Group
GRF
mi/mm
SK
mEq/iiter
UKV
p.Eq/min
UKV/GFR
p.Eq/ml
FEK
-
%
R15 16 3 4.60 0.10 7.5 2.0 0.48 0.13 10.5 2.7
N50 57 6 4.70 0.01 9.6 3.2 0.17 0.05 3.6 1.0
R50 16 3" 4.70 0.08 10.6 3.4 0.84 0.29' 16.1 4.5"
N100 57 3 4.62 0.13 5.9 1.6 0.10 0.02 2.0 0.5
Rl00 19 3d 4.80 0.10 20.2 2.3d 1.22 0.16d 25.1 3•4d
N denotes normal; R, remnant. Subfixes 15, 50, and 100 denote 15-,
50-, and 100-mEq potassium diet. GFR is glomerular filtration rate; SK,
serum potassium concentration; UKV, urinary potassium excretion
rate; UKV/GFR, urinary potassium excretion rate corrected for GFR;
and FEK, fractional excretion of potassium. Data are the means SEM
of averages of three control clearance periods N = 6 in each group.
b P < 0.05, vs. normal dogs on same potassium diet.
"P < 0.01, vs. normal dogs on same potassium diet.
P < 0.001, vs. normal dogs on same potassium diet.
mm, or in which the daily food allowance of Nephrodiet was
administered together with the oral potassium chloride chal-
lenge.
Potassium was measured by flame photometry (IL model
143, Boston, Massachusetts), and creatinine by a modified
Autoanalyzer method (Technicon Autoanalyzer II). Blood glu-
cose was determined on a glucose analyzer (Beckman); serum
insulin [25], glucagon [26], and aldosterone [27], by radioimmu-
noassays. Arterial pH and Pco2 were measured with a Radiom-
eter BMS3 system (Copenhagen, Denmark).
The data are expressed as the means SEM. Linear regres-
sion and Student's t tests for unpaired data were calculated with
standard programs using the Prophet computer system, Biologi-
cal Handling Program, Division of Research Resources, Na-
tional Institutes of Health.
Throughout the text, net urinary potassium excretion (UKV)
and the percent of the potassium load excreted were calculated
as the difference between absolute UKV after administration of
the load minus control baseline UKV.
Results
At the time of study, the animals were in potassium balance.
Twenty-four-hour UKV determined in 4 normal dogs and 4 dogs
with remnant kidneys receiving 100 mEq potassium daily
averaged 93 and 90 mEq on 2 consecutive days in the normal
and 91 and 98 mEq in the remnant animals. With the animals on
the highest potassium diet maintaining balance, it is fair to
assume that animals fed 15 or 50 mEq of potassium daily were
also in balance at the time of study. Moreover, Schultze et al
[13] have shown maintenance of balance in remnant dogs fed 50
mEq of potassium daily.
Table 1 presents the fasting data for the animals on the fibrin-
base diet. Glonierular filtration rate (GFR) in the remnant dogs
was about one-third that of normal dogs. Serum potassium
concentration was similar in all groups, averaging 4.6 to 4.8
mEq/liter in normal and remnant groups fed different potassium
amounts. The UKV was similar in normal and remnant dogs fed
15 or 50 mEq of potassium daily, but was significantly greater in
remnant dogs fed 100 mEq potassium per day. At 50 and 100
mEq of potassium intake, the UKV normalized for GFR (UKV/
GFR) and the fractional excretion of potassium (FEK) were 4
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Period
Fig. 1. Mean incremenis in serum potassium, as a function of time,
after an oral challenge with 50 mEq of potassium chloride in 6 normal
and 6 remnant dogs. Each dog was studied when on 50- and 100-mEq
potassium diets. N50, Nl00 and R50, RlO0 indicate normal dogs and
remnant dogs, respectively, on 50 and 100 mEq of potassium daily.
Baseline serum potassium is the mean of three fasting values obtained
within 1 hour immediately before administration of the potassium load.
Samples were collected 30 mm after the potassium challenge for period
1 and at hourly intervals thereafter. Asterisk (*) indicates significant
difference (P < 0.001) between remnant and normal groups receiving
the same diet. The mean increments in serum potassium for the remnant
group on 15 mEq of potassium daily (not shown) were 0.8, 1.5, 2.5, 2.4,
and 1.9 mEq/liter for periods Ito 5, respectively.
and 13 times greater in the remnant groups than they were in
their corresponding controls (P < 0.001).
Figure 1 depicts the hourly mean increments in serum potas-
sium concentration following the 50-mEq potassium load for
normal and uremic dogs studied on a 50- and 100-mEq potassi-
um diet, Serum potassium rose significantly in all dogs to peak
values of 5.6 0.3 and 5.8 0.2 mEq/liter in the normal and 6.9
0.2 and 7.3 0.3 mEq/liter in the remnant groups given 50
and 100 mEq potassium daily, respectively. Mean serum potas-
sium in the remnant group on 15 mEq potassium/day (not
shown) rose similarly, to a mean peak value of 7.1 0.3 mEq/
liter. The rise in serum potassium was not significantly different
in the two normal groups or in the three groups with renal
insufficiency, but was significantly greater in each remnant
group than it was in the normal animals during periods 2 to 5 (P
<0.001). In all groups, serum potassium remained significantly
increased 5 hours after the potassium load, much more so,
however, in the remnant than in the normal dogs (P < 0.001).
Figure 2 shows the kaliuretic response for the groups of dogs
depicted in Fig. I. All groups showed similar increases during
the 1st hour after the oral challenge. This represents the lag
phase for intestinal absorption and resembles the pattern seen
for serum potassium. The greatest UKV occurred during the
2nd or 3rd hour and coincided with the peak increases in serum
Fig. 2. Mean urinary potassium excretion rates, as a function of time,
after an oral challenge with 50 mEq of potassium chloride in the dogs of
Fig. I. An asterisk (*) indicates significant difference (P < 0.001)
between normal and remnant groups. Mean urinary potassium excre-
tion rates for the remnant group on 15 mEq potassium daily were 16, 62,
95, 95, and 79 p,Eqlmin, for periods I to 5, respectively (not shown).
potassium. The remnant groups, however, exhibited much
smaller kaliureses (from 10.6 3.4 to 79.6 8.2 p.Eq/min and
from 20.2 2.3 to 92.7 11.2 Eq/min) than their respective
controls (from 9.6 3.2 to 160.4 11.9 i.Eq/min and from 5.9
1.6 to 204.1 25.6 .Eq/min) (P <0.001). In all groups, UKV
fell during hours 4 and 5, and this fall was significantly greater in
the normal than in the remnant groups (P < 0.001). The remnant
dogs receiving a 15-mEq potassium diet (not shown) excreted
potassium following the same pattern observed in the other
remnant groups. In this group, UKV rose from a fasting value of
7.5 2.0 xEq/min to a peak value of 95 8.4 p.Eq/min during
the 3rd hour.
Cumulative 5-hour UKV is shown in Table 2. Five-hour
excretion values, expressed either as absolute or net amounts,
were significantly greater in the normal than in the remnant
groups. In 5 hours, the normal dogs excreted 61% (range, 44 to
82%) and 67% (range, 50 to 99%) of the potassium load, but the
dogs with renal insufficiency on 15, 50, and 100 mEq potassium
daily excreted only 37% (range, 26 to 47%), 30% (range, 22 to
47%), and 32% (range, 25 to 41%) (P < 0.001 for each remnant
group vs. controls), respectively. Recovery of the potassium
load within 24 hours was evaluated in 2 remnant dogs. Upon
completion of the clearance study, the animals were placed in
metabolic cages for continued urine collection over the next 19
hours. Twenty-four hours after the 50-mEq potassium chal-
lenge, net potassium excretion was 47 and 51 mEq.
Figure 3 shows the relationships between UKV or UKV/GFR
and concurrent serum potassium concentration. There was a
significant positive correlation between UKV and serum potas-
sium in both the normal and the remnant groups of dogs (y =
Diet: 5OmEqKdaily Diet: 100 mEq Kdaily
a
E
Cl,0
cCC
>
Time, hours
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Absolute Net5
UKV UKV/OFR UKV UKV/GFR
GROUP mEq/5 hr mEqI5 hrIGFR mEq/5 hr mEq/5 hrIGFR
R15 20.8 I.9 1.20 0.13 18.5 1.4 1.10 0.09
N50 33.4 3.5 0.57 0.05 30.6 2.9 0.52 0.04
R50 18.0 l.5d 1.13 0.13d 14.8 2.9 0.88 O.12C
N100 35.4 4.0 0.61 0.07 33.7 3.7 0.58 0.07
RI00 2l.8 l.6d 1.31 O.Il 15.8 l.4 0.94 O.07d
Abbreviations and groups are defined in Table 1.
b Represents incremental changes in UKV above control preload
value, calculated as total UKV after administration of the potassium
challenge minus control baseline UKV.
P < 0.05; vs. normal dogs on same potassium diet.
P < 0.01; vs. normal dogs on same potassium diet.
P < 0.001, vs. normal dogs on same potassium diet.
—755.1 + l64.3x, r = 0.96; y = —146.1 + 33.2x, r = 0.98,
respectively). Identical slopes existed for the normal animals
maintained on 50- or lOO-mEq potassium diets. The slopes also
were not different in the three remnant groups. But, the slopes
differed significantly in the normal dogs and the animals with
chronic renal insufficiency (P < 0.001). The intercepts of the
regression lines on the x axis were not significantly different for
the normal (serum potassium, 4.6 mEq) and the remnant (serutn
potassium, 4.4 mEq) groups. In contrast, a single slope and
intercept describe the correlation between UKV/GFR and se-
rum potassium for all, normal and remnant, animals (y = —8.3
+ l.9x; r = 0.98).
Table 3 presents the mean control and hourly experimental
values for GFR, urine flow rate, and sodium and potassium
excretion rates for normal and remnant animals maintained on
50 mEq of potassium daily. GFR remained stable throughout
the studies. Urinary flow and sodium excretion rates were
similar during the control periods in both groups of animals. In
both groups, the administration of the potassium load resulted
in a doubling of urinary flow rate (P < 0.01). The same
phenomenon occurred after the potassium load in the groups
receiving a l00-mEq potassium diet. But, in both sets of
studies, differences in urine output between normal and rem-
nant dogs were significant only during period 3 (P < 0.05).
Cumulative sodium excretion was equivalent in normal and
remnant dogs without significant differences in sodium excre-
tion rates between the two groups in any period. A similar trend
prevailed in normal and remnant dogs maintained on a diet
containing 100 mEq of potassium. Here too, after an early rise
in both groups, sodium excretion rates tended to decrease in
periods 4 and 5. Again, there were no significant differences in
any period between the normal and the remnant groups.
Arterial pH and Pco2 values were determined in 6 remnant
dogs before and after the potassium chloride challenge. Al-
though the animals were slightly acidemic (pH, 7.344 0.004;
Pco2, 34.2 1.6 mm Hg), the oral potassium load was not
associated with significant changes in pH or Pco2 (Table 4).
Figure 4 shows the serum concentrations of potassium,
glucose, insulin, and glucagon during the control period and at
hourly intervals after the 50-mEq potassium challenge. Baseline
insulin and glucagon concentrations were significantly higher in
6
SK, mEq/Iiter
Fig. 3. Mean UKV and UKV/GFR as a function of mean serum
potassium concentration in normal (S) and remnant (0) dogs on 50 or
100 ,nEq of potassium. Remnant dogs on 15 mEq of potassium (L) daily
are also indicated. Each point is the average of fasting and experimental
values obtained in six experiments.
the remnant than in control dogs (P < 0.025). As previously
shown, serum potassium increased significantly with the potas-
sium challenge. In contrast, serum glucose, insulin, and gluca-
gon concentrations did not change significantly in either group.
Serum levels of aldosterone were measured in 2 normal and 2
remnant dogs. Figure 5 depicts the average results for both sets
of experiments. Baseline aldosterone levels were identical and
rose identically in both groups (from 7 to 32 ng/ml) during the
first 2.5 hours after the potassium challenge. In periods 4 and 5,
however, although aldosterone levels returned towards baseline
values in the normal dogs, they remained strikingly elevated in
the remnant animals. Five hours after the potassium challenge,
net potassium excretion averaged 71 and 31% for these normal
and remnant dogs, respectively.
To determine whether the decreased ability of the remnant
kidney to excrete potassium could be overcome, we gave 3
remnant dogs with a mean GFR of 14 mI/mm the potassium
challenge i.v. rather than orally. The purpose of this experiment
was also to compare the changes in serum potassium between
oral and i.v. routes of potassium administration. The mean
results are presented in Table 5. After potassium infusion,
serum potassium concentration rose and exceeded 10 mEq/liter
in each dog. Despite the severe hyperkalemia, however, al-
though the rates of potassium excretion exceeded those ob-
served in remnant dogs challenged orally, the peak UKV
Table 2. Cumulative 5-hour potassium excretion following an oral
load of 50 mEq of potassium chloridea
• Normal
£ 0 Remnant
.
>
L.
U-
>
'0
5
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Table 3. Mean values of GFR, urine flow, and sodium and potassium excretion rates in normal and remnant dogs before and after oral
administration of 50 mEq of potassium chloride"
Experimental periods
remained well below the values seen in normal dogs challenged
orally (P c 0.001; see Table 3 and Fig. 2). In 5 hours, net
excretion of i.v. administered potassium ranged from 33 to 50%,
with a mean of 41%. For these animals infused i,v,, the
relationships between UKV or UKV/GFR and serum potassium
described in Fig. 3 was maintained, except at the high values of
serum potassium observed during periods 2 and 3. At serum
potassium concentrations above 9 mEq/liter, these relation-
ships fell well below the extrapolated correlations depicted in
Fig. 3.
To possibly reconcile our data with previous observations of
the literature, we investigated the effects of food administered
together with the oral potassium chloride load in remnant dogs.
Table 6 compares the results in these animals with those of
remnant dogs challenged orally with potassium chloride alone.
Fasting values of serum potassium, UKV, and UKV/GFR were
not different between the two groups. The peak changes in
these parameters, however, were further dampened in the dogs
given food together with the potassium chloride challenge; the
peak kalemic and kaliuretic responses were also delayed,
usually occurring during period 5, rather than during period 3,
as in the animals given potassium chloride alone. As a result of
food, net potassium excretion in 5 hours averaged only 8.9
0.9% of the load as opposed to 14.8 2.9% in the remnant dogs
challenged with potassium chloride alone (P < 0.005). Serum
protein concentration did not change in either group.
Discussion
Aldosterone, the acid-base status, dietary potassium, the
adrenergic system, glucose, glucagon, and insulin participate in
potassium homeostasis [1—91. Renal factors are also critical to
potassium excretion [10—12, 16—18, 28, 29]. Nonetheless, the
regulatory importance of these many factors is not defined well
in chronic uremia. Insulin and glucagon levels are increased in
chronic renal failure [30]. Decreased, normal, and increased
circulating levels of aldosterone have been described in chronic
uremia [22, 27, 31]. Although fluctuations in circulating aldos-
terone do not appear critical for continued potassium balance
[13], hyperkalemia develops when aldosterone is lacking [32].
The role of serum potassium is controversial because fasting
serum potassium is normal in chronic renal disease [13, 16—22].
Although impaired tolerance to potassium has long been
recognized in patients with chronic renal insufficiency [33, 34],
there is disagreement in the literature on the ability of the
diseased kidney to excrete a potassium load. In patients with
chronic renal disease of diverse etiologies, Gonick et al [35]
observed a blunted kaliuresis without enhanced hyperkalemia 6
hours after oral administration of 0.75 mEq of potassium per kg
of body wt. In contrast, Kahn et al [22] observed an exaggerat-
Control
period
Normal dogs on 50-mEq potassium diet(N = 6)
I 2 3 4 5
GFR, mi/mm 57 57 61 59 61 60
7 7 7
UV, mI/mm 0.43
0.09
0.55 0.77 0.97
0.08 0.13 0.08
0.80
0.11
0.58
0.11
UNaV, p.Eq/min 10.3
2.1
23.0 21.6 33.0
6.8 5.8 8.5
26.3
12.3
8.3
3.0
UKV, p.Eq/min 9.6
3.2
27.4 150.8 160.4
33.1 11.9
Dogs with remnant kidneys, on 50-mEq potassium diet(N =6)
122.5
20.7
95.9
GFR, mI/mm l6'
3
17d
l.JV, mi/mm 0.35
0.04
0.38 0.72 0.62
0.06 0.08 0.08
0.58
0.07
0.48
0.04
UNaV, p.Eq/min 17.8
4.3
24.5 35.5 18.4
5.6 7.8 9.0
10.9
4.3
7,8
2.4
UKV, p.Eq/min 10.6
3.4
22.9 72.6" 79.6"
3.4 3.8 8.2
71.1"
9.0
53.6"
5.9
a Abbreviations are UV, urinary flow rate; UNV, sodium excretion rate. Other abbreviations are defined in Table I.
P C 0.05, vs. normal group.
P C 0.001, vs. normal group.
Table 4. Mean control and experimental arterial pH and Pco2 values
in six dogs with remnant kidneys"
Experimental periods
Control
period 1 2 3 4 5
pH 7.344 7.358 7.361 7.357 7.377 7.359
0.004 0.017 0.011 0.009 0.016 0.015
Pco2,
mm Hg 34.2
1.6
34.5
2.6
33.5 34.1 34.5 33.3
1.7 2.4 L2 1.7
a Results include 4 dogs on 50-mEq and 2 dogs on 100-mEq potassium
diets.
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Fig. 4. Mean serum concentrations of potassium, glucose, insulin and
glucagon immediately before (C) and at hourly intervals after an oral
challenge with 50 ,nEq of potassium chloride in 6 normal dogs on 100
mEq of potassium daily and in 6 dogs with chronic renal insufficiency
on 15 mEq of potassium daily. An asterisk (*) indicates significant
differences between experimental and control periods. A plus sign (+)
indicates significant difference between remnant and normal groups.
ed kalemia 4 hours after an oral load of 25 mEq of potassium
chloride but no blunted kaliuresis at 24 hours. In animals with a
decreased renal mass, Schultze et al [13] found no difference in
serum potassium and renal handling of potassium by normal
and remnant dogs acutely challenged with potassium orally.
Schon, Silva, and Hayslett [20], but not Finckelstein and
Hayslett [17], found significantly greater hyperkalemia in anes-
thetized remnant than they did in normal rats infused with
potassium chloride. In the first study, net excretion of potassi-
um in remnant rats was slightly decreased [20], whereas in the
other, it was significantly increased [17]. The results of the
present study expand on these observations and reconcile these
conflicting views of the literature.
Irrespective of the varying potassium content of the diet
(from 15 to 100 mEq per day), mean fasting serum potassium
concentrations averaged 4.6 to 4.8 mEq!liter in remnant awake
dogs. A normal fasting serum potassium is usual in chronic
renal insufficiency [13, 17—23, 351. Mean fasting UKV was also
similar for all groups of dogs, except for the remnant animals
fed 100 mEq of potassium daily. Although balance was main-
tained in these animals, the latter may represent a residual
kaliuresis resulting from the afternoon dose of potassium chlo-
ride administered 16 hours before study. An increased fasting
kaliuresis was not present in normal dogs on 100 mEq of
potassium because of their ability to rapidly excrete potassium.
After 50 mEq of potassium chloride orally, significant hyper-
kalemia developed in normal and remnant dogs. Although
serum potassium rose more in remnant than in normal animals,
Fig. 5. Mean seru,n aldosterone concentrations in two normal (N) dogs
on 100-mEq potassiumn and two remnant (R) dogs on 15-mEq potassium
diets before and after an oral challenge with 50 mnEq of potassium
chloride. Samples were collected 30 mm after the potassium challenge
for period I and at hourly intervals thereafter. In these experiments, the
following mean values were obtained during the control and experimen-
tal periods. For serum potassium, in normals dogs, the values were 4.7,
5.0, 5.7, 5.4, 5.0, and 4.8 mEqlliter; in remnant dogs, they were 4.5, 4.9,
6.7, 7.6, 7.1, and 6.7 mEg/liter. For urinary potassium excretion rates,
in normals dogs, values were 7, 54, 253, 179, 86, and 53 Eq/min; in
remnant dogs, they were 4, 8. 54, 79, 76, and 61 i.Eq/min.
Table 5. Mean changes in serum potassium concentration, urinary
potassium excretion, and urinary potassium excretion per unit GFR in
three dogs with remnant kidneys given 50 mEq of potassium chloride
Control period
Experimental periods
1 2 3 4 5
5K' mEq/liter
5.2 7.1 10.2 9.3 7.7 6.9
0.2 0.2 0.5 0.5
UK, p,Eq/min
0.4 1.5
23 101 101 101 101 78
UKV/GFR, p,Eq/ml
9
1.5 6.5 7.2 7.4 6.6 5.3
1.6 0.6 0,8 0.7 0.8
Potassium chloride (50 mEq) was given as a Continuous infusion
over 90 mm. Period I was started at the beginning of the infusion. Each
period was 60 mm. Prior to study, the animals were equilibrated on a 50-
mEg potassium diet.b One animal with a baseline UKV of 36 Eq/min was responsible for
the increased mean control UKV.
a similar hyperkalemia occurred in all remnant groups, irrespec-
tive of the previous potassium diet. An exaggerated hyperkale-
mia has been found in patients and animals with chronic renal
disease challenged with potassium [20, 22, 33, 34], but not
consistently [13, 17, 35].
Urinary potassium excretion after the potassium load in-
creased promptly in all groups, but the kaliuresis was markedly
blunted in remnant dogs. As a consequence, the net cumulative
excretion of potassium was decreased during the period of
study. InS hours, the groups of normal dogs excreted 61 to 67%
of the potassium load, whereas the remnant dogs eliminated
50 mEq KCI
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Table 6. Effect of food on serum potassium and protein concentrations, and urinary potassium excretion rates in dogs with remnant kidneys
challenged with 50 mEq of potassium chloride orally
Control values Peak values
SK UV
UKV/
GFR Serum protein SK UKV
UKV/
GFR Serum protein Net UKV per 5 hr
mEqiliter iEq/inin p.Eq/,nl gidi inEqiliter 1EqIliter J.EqIInl gidI mEq/5 hr
4.70 10.6 0.84
3.4
Potass join chloride alone (N — 6)55 6.9 79.6Ol 8.2
Potassium chloride plus food (N = 6)53 574C
0.1 + 4.9
4.98 18.9 1.26 5.6
±0.1
Prior to study, all animals were equilibrated on a 50-mEq potassium diet. Group challenged with potassium chloride is from Tables I and 2.
b N = 3.
P <0.05; dp <0.005; P <0.001.
only 30 to 37%1• This finding agrees with Schon, Silva, and
Hayslett [20], who found a 25 to 50% smaller change in UKV
during potassium infusion in remnant than in normal rats, and
with Gonick et a! [35] who described, in patients, a direct
correlation between the percent of the potassium load excreted
in 6 hours and total GFR. These different excretory patterns in
remnant vs. normal dogs, associated with an identical 24-hour
balance of potassium (and thus intestinal absorption) in both,
indicate that return to balance was retarded over a longer
interval and with a more prolonged, albeit smaller, kaliuresis in
remnant than in normal dogs.
Hyperkalemia in the remnant dog could have resulted from
one or several mechanisms, including an accelerated rate of
potassium entry from the gut into the extracellular fluid in the
absence of equivalent urinary elimination, a decreased uptake
in extrarenal tissue of absorbed potassium, or a decreased
urinary excretion of extracellular potassium. Several of these
mechanisms could have operated jointly to exaggerate the
hyperkalemia.
There are no data in the literature to suggest that intestinal
absorption of potassium is accelerated in chronic renal insuffI-
ciency. In humans with GFR's below S mI/mm, stool potassium
tends to increase, rather than decrease [36]. In less advanced
renal failure, such as in our remnant dogs with GFR's about
30% of normal, stool potassium is low and contributes little to
overall balance [361. Our 24-hour recoveries of urinary potassi-
um agree with these observations. In remnant rats, potassium
transport is normal in the jejunum [371. Intestinal potassium
absorption is a function of gut transit time and stool water
content. None of our animals had diarrhea, or developed it after
potassium chloride administration. It is, therefore, reasonable
to assume that intestinal absorption of potassium was equiva-
lent in normal and remnant dogs.
There is also no available evidence to indicate that the
capacity of extrarenal uptake is impaired in chronic renal
failure. Conversely, this aspect of potassium homeostasis ap-
pears intact, at least in rats with a decreased renal mass.
Indeed, acutely nephrectomized normal and remnant rats in-
fused equally with potassium chloride, develop equivalent
hyperkalemia [20]. The following considerations also do not
indicate a defect in extrarenal tissue uptake of potassium.
The remnant dogs challenged i.v. "absorbed" 50 mEq of
potassium. At the end of S hours, they had eliminated 40%, or
20 mEq, in urine and retained 30 mEq. Of this, 5.4 mEq were
extracellular (mean serum potassium increase during period 5
was 1.7 mEq/liter times 3.2 liters of ECF); and the balance, or
24.6 mEq, was intracellular. The remnant dogs challenged
orally excreted 30%, or 15 mEq, of the potassium load during
the clearance study. In period 5, their mean serum potassium
increase was I .4 mEq/liter for a total of 4.5 mEq of potassium
being retained extracellularly. At an equivalent distribution
between extracellular and intracellular compartments in both
remnant groups, extracellular retention of 4.5 mEq of potassi-
um would be associated with an intracellular accumulation of
20.5 mEq, for a total intestinal absorption in 5 hours of about 40
mEq. Similar estimates in normal dogs excreting about 30 mEq
of potassium in 5 hours, indicate, at an equivalent absorption of
40 mEq, that only I mEq of potassium was retained extracellu-
larly and 9 mEq intracellularly. Even complete absorption of
the potassium load would have resulted in the intracellular
retention of only 19 mEq of potassium in the normal dogs.
These estimates do not indicate a defect in extrarenal tissue
uptake of potassium. In fact, the present data suggest that the
remnant dogs actually might have buffered more potassium
intracellularly than did the normal animals given the same 50-
mEq diet and the same potassium load2.
'It may be correctly argued that an increased fasting kaliuresis in
remnant dogs on 100 mEq of potassium per day does not allow for the
calculation of net (JKV over the period of study, because 1JKV values
may not represent true baseline values. First, the kaliuresis was small
(20 Eq/min or 1.2 mEq/hr) second, if calculations in this group are
made using the average fasting value of the other groups (8 Eq/min),
instead of the actually observed rate of excretion, net U KV in 5 hours
for this group would increase from an average of 32 to 38% of the load.
This difference does not modify our interpretation of the results.
2Recently, Kahn et al [22] postulated a decreased extrarenal capacity
of potassium buffering in chronic renal insufficiency. Four hours after
the oral administration of 25 mEq of potassium chloride, patients with
chronic renal disease developed significantly greater hyperkalemia than
did normal subjects, but increased similarly their 24-hour potassium
excretion. These combined observations were interpreted as indicating
a defect in extrarenal potassium uptake. In the absence of urine
collection at the time of blood sampling, this conclusion is not valid in
the light of the present study.
4.82 5.9
÷0.1
14.8
2.9
3.17w 5.7 89d0.l 0.9
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Thus, the blunted kaliuresis alone likely accounts for the
enhanced hyperkalemia after potassium administration in
chronic renal failure. Potassium chloride had no effect on acid-
base status, in agreement with similar observations in remnant
rats [201. Although a regulatory role for potassium-induced
insulin release has been postulated in potassium homeostasis [3,
4, 6—81, an increase in immunoreactive insulin has not been
consistently found with infusion of potassium [3, 391. In the
remnant dogs, fasting immunoreactive insulin and glucagori
levels were increased, but they did not change after potassium
administration. Circulating glucose also remained constant dc-
spite large changes in serum potassium. The blunted kaliuresis
was independent of changes in urine flow or sodium excretion
rates and occurred despite an increased diuresis and natriuresis
per nephron, characteristic of remnant kidneys [16, 38]. Finally.
the blunted kaliuresis occurred without hypoaldosteronism
[32]. Conversely, serum aldosterone concentration increased
markedly as a result of hyperkalemia. Thus, the blunted kaliure
sis occurred despite significant hyperkalemia and hyperaldoste-
ronism. This finding contrasts with the increased renal respon-
siveness to aldosterone induced by a high potassium diet in the
normal rat [40].
A highly significant correlation between serum potassium and
UKV existed in normal and remnant dogs, but the slopes for the
two groups were significantly different. A l-mEq/liter rise in
serum potassium increased UKV by 165 1sEqlmin in the normal.
but only by 30 .Eq/min in the remnant dogs. A direct relation-
ship between changes in serum potassium and UKV has been
shown in the isolated perfused normal rat kidney [21, 281
Although the intrarenal mechanism whereby serum potassium
modified UKV cannot be determined from the present experi-
ments, the results indicate that changes in serum potassium, or
a consequence thereof (for example, renal intracellular potassi-
um, aldosterone), mediate potassium excretion. In the remnant
kidney, however, the renal response to equivalent changes in
serum potassium is markedly blunted.
The identical relationship between serum potassium and
UKV/GFR in normal and remnant dogs illustrates an important
functional aspect of potassium excretion. At the same level of
serum potassium, the remnant and the normal kidney excrete
the same amount of potassium per unit GFR.3 Thus, both the
normal and the remnant nephrons function alike, and a major
limitation on absolute potassium excretion is imposed by the
reduction in total nephron population. Each functioning unit of
normal and remnant kidneys responded equally to the same
increase in serum potassium, the exaggerated hyperkalemia
being responsible for the increase in UKV/GFR in remnant
dogs. At very high concentrations of serum potassium, a
maximal excretory capacity per milliliter of GFR may have
been reached in the remnant dogs challenged iv. When serum
potassium exceeded 9 mEq/liter, the linear relationship be-
tween serum potassium and UKV/GFR apparently no longer
prevailed.
Our results expand on the data of Schtiltze et al [13]. They
also studied conscious dogs with a remnant kidney, first in the
3GFR is used as an index of functional nephron mass and does not
imply that differences in UKV resulted from differences in filtered
potassium. Indeed, filtered load per nephron is actually increased in
remnant nephrons [16, 38].
fasting state and then during 5 hours after an oral potassium
load. Within 5 hours of administration of 25 mEq of potassium,
these authors actually observed a greater absolute UKV in dogs
with a remnant kidney than they did in dogs with a remnant
kidney and an intact contralateral kidney. Moreover, in four of
the 5 periods, the plasma potassium concentration was not
significantly greater in the uremic than it was in the nonuremic
animals. The potassium challenge in these studies led only to
small changes in plasma potassium concentration (0.69 and 0.28
mEq/liter) and peak UKV (43 and 28 Eq/min); in both groups,
net potassium excretion in 5 hours amounted to 3.7 mEq or 15%
of the load, indicating that the renal capacity of potassium
excretion had not been tested. We do not believe that the
differences in potassium load (50 vs. 25 mEq), GFR (about 16 to
19 vs. 10 mI/mm) and duration of renal insufficiency (4 weeks
vs. 7 days) account for the differences. In the prior study,
mineralocorticoid hormone was administered, which may have
resulted in body potassium deficit [1, 3], thereby obscuring
potential differences between uremic and nonuremic animals.
Alternatively, the dogs of Schultze et al [13] may not have
absorbed the potassium load as a result of simultaneous feeding
and sequestration of potassium in the intestinal tract. The
observation that remnant dogs fed at the time of the potassium
challenge excreted significantly less potassium than remnant
dogs challenged with potassium chloride alone, indicates this
probability.
The effect of food on potassium absorption has important
implications for the design and interpretation of studies in
chronic renal insufficiency and emphasizes the importance of
carefully defining sampling time in relation to feeding. The
reason why Gonick et al [35] failed to observe an exaggerated
kalemia may be due to the fact that their patients were fed
immediately before and during the study.
In conclusion, the present study emphasizes the role of the
kidney in the maintenance of potassium homeostasis. After a
potassium load, an increase in extracellular potassium concen-
tration occurs, which stimulates tubular secretion and establish-
es a prompt kaliuresis until serum potassium is normal and
potassium balance is reestablished. The same mechanism oper-
ates in chronic renal insufficiency. But a decreased responsive-
ness of the aggregate of the remaining nephrons to changes in
extracellular potassium limits the excretory ability, resulting in
a blunted kaliuresis. Potassium retention occurs. In the absence
of a compensatory increase in potassium uptake by extrarenal
tissues, the hyperkalemia is exaggerated and stimulates secre-
tion of aldosterone. Despite hyperkalemia and hyperaldosteron-
ism, however, the kaliuresis remains blunted. Stimulation of the
control system for potassium excretion, including serum potas-
sium and aldosterone, is, therefore, prolonged. When potassi-
um balance is reestablished, usually within 24 hours, fasting
serum potassium and UKV are identical in health and chronic
renal insufficiency.
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NOTE ADDED IN PROOF
The conclusion that serum potassium concentration is an important
factor determining the rate of potassium excretion supports the views of
Bayliss and O'Connor [411. The normal dogs challenged with 10 mEq of
potassium, these authors reported that a l-mEq increase in plasma
potassium was associated with an increase of 80 j.Eq//min in potassium
excretion. The greater kaliuresis in our normal dogs (165 p.Eq/min per
mEq increment in serum potassium) probably stems from the differ-
ences in urinary flow rate between our (0.4 mI/mm) and their (0.17 ml!
mm) experiments.
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